Brain areas in the frontal lobe have been implicated in behavioral flexibility and control. The study by Johnston et al. in this issue of Neuron provides novel insights into the roles of the prefrontal and anterior cingulate cortices in controlling behavior.
Knowing which action is appropriate in particular circumstances is an essential element of successful behavior. For example, while punching (your opponent) in the boxing ring may lead to various rewards such as riches and fame, performing the same action on random passers-by in the street is unlikely to do so. Depending on the current task, an action can thus be beneficial or detrimental to achieving a defined behavioral goal such as reward maximization. Maintaining taskspecific information and rapidly modifying it in response to environmental demands are considered to be hallmarks of primate behavior. In the laboratory, this kind of behavioral flexibility can be studied by training subjects on different tasks involving the same actions and then having them perform interleaved blocks of trials of each task while recording brain activity. In this issue of Neuron, Johnston et al. (2007) have employed a prosaccade and an antisaccade task, during which monkeys had to either look toward or away from a briefly flashed peripheral target. Monkeys did not receive an explicit cue as to which task they were on but figured this out themselves by noticing which behaviors were rewarded during each block of trials. After performance of prosaccades for a number of trials, reward contingencies were switched at an unpredictable point in time and previously successful behaviors were now unsuccessful and vice versa. Behaviorally, monkeys were quick to shift from one task to the next and did so within a few trials.
How is this rapid switching accomplished, and how do monkeys manage to remember which task they are on over the course of each block? To answer these questions, Johnston et al. studied single-neuron activity (SUA) in the prefrontal (PF) and the anterior cingulate (AC) cortex as monkeys were switching back and forth between these two tasks. They focused not on responses associated with peripheral flashes or saccadic eye movements during the task but instead on differences in preparatory or more commonly known as baseline activity between the two tasks. In the visual system, baseline activity changes have been associated with the maintenance of spatial attention (Luck et al., 1997) . Allocation of attention over the course of a block of trials thus leads to an increase in baseline firing rate of neurons representing that region of space, and a visual stimulus presented in the attended region accordingly elicits overall more activity than one presented in an unattended region. By analogy, baseline changes are thought to be involved in maintaining and switching between task rules in the present study and in previous related work (Asaad et al., 2000; Shima and Tanji, 1998) . Both PF and AC cortex have been implicated in behavioral flexibility, and indeed Johnston et al. found evidence for task-specific baseline activity in both of these regions. There were however two major striking differences in the dynamics of baseline changes between the two regions. First, PF neurons showed similar baseline changes throughout the entire block of trials, whereas AC neurons showed strong baseline changes only immediately following the task switch. Second, in the trial right after the task switch, baseline changes were already apparent in the AC but not in the PF cortex. Both regions thus play a role in task maintenance. PF neurons tend to play a role during stable periods where task rules remain constant and continue to lead to behavioral success, whereas AC neurons are closely involved in switching from one task to another and are more sensitive to behavioral errors than PF neurons.
The response characteristics of AC neurons in the present study are in several ways reminiscent of noradrenergic neurons originating in the locus coeruleus (LC) (Aston-Jones and Cohen, 2005; Bouret and Sara, 2005) . LC neurons are known to respond to novelty and to changes in reward contingencies in rodents and monkeys, as would be expected to occur at a task switch in the present study. LC neural responses also habituate rapidly, and they would be expected to show attenuated responses during periods where task rules remain constant. Finally, noradrenergic neurons send and receive projections to virtually all cortical regions, but interconnections with the AC cortex are particularly prominent. These close similarities raise the possibility that the AC responses observed by Johnston et al. might indeed be a result of noradrenergic neuromodulation. Further experiments using pharmacological manipulations are needed to address this question, and such studies could provide insight into the functional mechanism underlying transient AC activation during task switching.
Johnston et al. discuss their findings in the context of human functional magnetic resonance imaging (fMRI) experiments that have aimed at elucidating the functions of PF and AC cortices. Based on these imaging studies in humans, it is a widely accepted notion that AC cortex is involved in conflict monitoring, whereas by contrast SUA recording in monkeys including the work of Johnston et al. has not found evidence supporting this notion. These findings can be reconciled by abandoning the notion of conflict monitoring and instead ascribing more general functions to the AC cortex, such as for example taskdemand prediction or top-down control. However, it is also important to keep in mind that fMRI does not provide a direct estimate of local SUA but instead is a metabolic signal that reflects the consumption of oxygen. Recent fMRI work in monkeys has shown that fMRI is more closely related to the local field potential (LFP) than to singleunit activity (SUA) (Logothetis et al., 2001 ). The LFP is a mass signal that reflects local dendritic processing and is thus influenced by incoming signals from different brain regions as well as local recurrent activity. By contrast, SUA measures spiking activity and thus provides an estimate of local recurrent activity and the outputs to the target brain regions. In the context of the functions of the AC this would provide a way to reconcile the apparently conflicting data: conflict-monitoringrelated activity in the AC cortex measured using fMRI may be characteristic of its input signals, whereas activity related to the top-down control may primarily reflect the output of the AC cortex. In this view, the function of the AC cortex would be to convert error signals that reach it from upstream brain regions to behavioral control signals which it broadcasts to PF cortex and related brain regions. One prediction that follows from these considerations would be a dissociation between SUA and LFP activity in the AC cortex such that, unlike SUA, the LFP should in fact contain signals related to conflict monitoring. Further experiments will be necessary to evaluate this possibility, but a recent study in monkey inferior temporal cortex shows that functional dissociations between LFP and SUA signals are indeed observable (Nielsen et al., 2006) and can be used to provide insight into cortical functions that are not available when each of the signals is considered alone. Importantly, it is the difference in response profile between LFP and SUA that most closely captures the function of the brain region under study.
A current trend in systems neuroscience is the recording of neural activity at the SUA or LFP level in several brain regions during the performance of the same task. The work of Johnston et al. is an excellent example of the power of such joint recordings to reveal how PF cortex collaborates with a related brain region to solve a particular behavioral task. Examples of related work have considered neural signals related to working memory in the PF and the parietal cortex (Chafee and Goldman-Rakic, 1998 ) or compared neural activity in the supplementary eye fields and AC cortex during taskconflict situations (Nakamura et al., 2005) . Differences in response dynamics between PF cortex and the basal ganglia during a reversal learning task (Pasupathy and Miller, 2005) bear many similarities to the work of Johnston et al. For example both studies have found that task-switching-related changes in the basal ganglia and the AC cortex occur before such changes in the PF cortex. These findings are somewhat at odds with the notion that the PF cortex represents the central executive of the brain, unless one accepts a new management style in which the central executive reaches decisions by consulting appropriate experts and then being taught how to behave by those experts. Johnston et al. go as far as speculating whether PF and AC may in fact even use shared management in the control of behavior. In business or academia, central executives are often hesitant to share control. Future experiments will show us which management style the brain uses.
